Background
Introduction
The evolution of metazoan life forms was in part driven by the acquisition of novel families of transcription factors and signalling molecules that were subsequently expanded by gene duplications and evolved new functions [1, 2] . One such family, encoded by Sox genes, encompasses a set of conserved metazoan specific transcriptional regulators that play critical roles in a range of important developmental processes [3] , in particular, aspects of stem cell biology and nervous system development [4, 5] .
The Sox family is defined by a set of genes containing an HMG class DNA binding domain sharing greater than 50% sequence identity with that of SRY, the Y-linked sex determining factor in eutherian mammals [6] . In the chordates the family contains approximately 20 genes, which have been subdivided into eight groups (A-H) based mainly on homology within the DNA binding domain but also related group-specific domains outwith the HMG domain [7, 8] . In all metazoans examined to date representatives of the Sox family have been identified and these are largely restricted to Groups B to F [9] with other groups specific to particular lineages. While Sox-like sequences have been reported in the genome of the choanoflagellate Monosiga brevicollis [10] these are more closely related to the non-sequence specific HMG1/2 class of DNA binding domain and thus true Sox genes are restricted to metazoans [11, 12] .
While vertebrate Sox genes have been intensively studied due to their critical roles in development [3] , with the exception of the fruit fly Drosophila melanogaster, they are less well characterised in invertebrates. D. melanogaster contains eight Sox genes (four group B and one each in groups C to F), which is generally consistent across the insect genomes examined to date [9, 13, 14] . Of particular interest are the Group B genes of insects, which share a common genomic organisation that has been conserved across all insects examined to date, with three genes closely linked in a cluster [13] [14] [15] . Critical roles in early segmentation and nervous system development have been shown for Dichaete (D) [16, 17]}, and in CNS development for SoxNeuro (SoxN), where both these group B genes show partial redundancy [18, 19] . melanogaster embryo [20] and Drosophila SoxN can replace Sox2 in mouse ES cells [21] . Furthermore, a comparison of D and SoxN genomic binding in the D. melanogaster embryo with Sox2 and Sox3 binding in mouse embryonic or neural stem cells indicates that these proteins share a common set of over 2000 core target genes [22] [23] [24] . These and other studies suggest that Sox proteins have ancient roles, particularly in the CNS, where their functions have been conserved from flies to mammals.
Of the other two D. melanogaster group B genes, Sox21a plays a repressive role in maintaining adult intestinal stem cell populations [25, 26] but there is no known function for Sox21b. The group C gene Sox14 is involved in the response to the steroid hormone ecdysone and is necessary for metamorphosis [27] ; Sox102F (Group D) has a role in late neuronal differentiation [28] ; Sox100B (Group E) is involved in male testis development [29] and Sox15 (Group F) is involved in wing metamorphosis and adult sensory organ development [30, 31] .
While functional studies are lacking in other insects, gene expression analysis in Apis mellifera and Bombyx mori indicates that aspects of Sox function are likely to be conserved across species [13, 14] . More recently, a conserved role for D in the early embryonic segmentation of both Drosophila and the flour beetle Tribolium castaneum suggests that aspects of regulatory function as well as genomic organisation may have been conserved across insects [32] .
Outside the insects little is known, however genome sequence analysis and gene expression studies suggest key roles for Sox family members in stem cell and cell fate processes in Ctenophores [12] and Porifera [33] , as well as neural progenitor development in Cnidarians [34] and a Dioplopod [35] . Taken together with the extensive work in vertebrate systems, it is clear that Sox genes play critical roles in many aspects of metazoan development, at least some of which appear to be deeply conserved.
Arthropods comprise approximately 80% of living animal species [36] exhibiting a huge range of biological and morphological diversity that is believed to have originated during the Cambrian Period over 500 million years ago [37] .
While the analysis of traditional model arthropods such as D.
melanogaster has taught us much about conserved developmental genes and processes, it is only more recently that genomic and other experimental approaches are beginning to shed light on the way genes and regulatory networks are deployed to generate the diversity of body plans found in other insects [38] and more widely in chelicerates and myriapods [39] . In terms of the Sox family, recent work indicates conserved Group B expression in the early neuroectoderm of the myriapod Glomeris marginata [35] and neurectodermal expression of a Group B gene in the chelicerate P. tepidariorum has been reported [40] .
Chelicerates in particular offer an interesting system for exploring the evolution and diversification of developmental genes since it has emerged that some arachnid lineages, including spiders and scorpions, have undergone a whole genome duplication (WGD) [41] . Interestingly, duplicated copies of many developmental genes, including Hox genes and other regulatory factors such as microRNAs, have been retained in P. tepidariorum and other arachnids [41, 42] . Thus, chelicerate genomes provide an opportunity to explore issues of gene retention, loss or diversification [43] .
Here we report an analysis of the Sox gene family in the spiders, P. tepidariorum and S. mimosarum, and show that most duplicate Sox genes have been retained in the genomes of these spiders after the WGD. Furthermore, while group B genes show highly conserved expression in the developing CNS, the expression of other spider Sox genes suggests they play important roles and potentially novel functions in other aspects of embryogenesis.
Results and Discussion

Characterisation of Sox genes in spiders
In order to characterise the Sox gene complement of spiders we conducted TBLASTN searches of the genomes of P.
tepidariorum [41] and S. mimosarum [44] Table   1 ). In many organisms, some genes in Groups D, E and F contain an intron within the DNA binding domain sequence in a position that is highly conserved and specific for each group [7] : our analysis indicates that this is also the case for the spider genes in these three groups (see arrows in Figure 3 wasps, bees and beetles [11, 13, 15] . While there is evidence that Sox21a has a repressive role consistent with the vertebrate B2 class [25, 26] , considerable genomic evidence clearly shows D acts as a transcriptional activator, a role inconsistent with that observed for vertebrate SoxB2 proteins [22, 49] . idea that these genes were formed by a tandem duplication in the protostome/deuterostome ancestor [11, 15] . The separation of SoxN from the D/Sox21a-1 cluster in the spider suggests that either this fragmentation happened early in arthropod evolution [11] or that the duplication and separation of SoxN and D (or Sox21a) occurred early in Sox evolution [11, 15] ( Figure 4 ).
Taken together, our analysis clearly shows that the spider genomes we examined have the full complement of Sox genes found in insects, mostly retained duplicates in Groups C, D, E and F after the WGD, and have a Group B organisation that more closely resembles insects than vertebrates.
Arrangement of P. tepidariorum Sox genes after WGD
The phylogenetic relationships of Sox genes in P. tepidariorum suggest that there are two paralogs of each Sox group except for SoxN and D (Figures 1 and 2) . To investigate if all of these duplicated Sox genes arose from the WGD event in the ancestor of these animals [41] , the synteny of Sox genes was analysed in the P. tepidariorum genome (Figure 4 (Figures 1 and 4) . However, the HMG domain of SoxB-like is split across two reading frames and although the sequence quality is poor in parts of this scaffold, it's sequence similarity to ptSox21b-2 suggests that SoxB-like may have been pseudogenised (Figure 4 ). most anterior part of the germ band, which corresponds to the presumptive neuroectoderm in the future head and prosomal segments ( Figure 6C ). At stages 9 and 10, strong expression is apparent throughout the ventral nerve cord, similar to ptSoxN, and cyclical expression is also detected in the SAZ ( Figure 6D and E).
Sox
In T. castaneum, Sox21b has similar expression to D, early in the SAZ and then in the developing CNS. In E.
kanangrensis and G. marginata, there is no early Sox21b expression [45] , however in these species, D is expressed shown to play a role in the response to ecdysone at the onset of metamorphosis and has no known role in the embryonic CNS [27] . In contrast, the vertebrates SoxC genes (Sox4, 11
and 12) play critical roles in the differentiation of post-mitotic neurons, acting after the Group B genes, which specify neural progenitors [54] . In A. mellifera, late expression of the SoxC gene was observed in the embryonic cephalic lobes and in the mushroom bodies [13] . The expression of SoxC orthologues in the embryonic CNS of other invertebrates [45] suggests that this class of Sox gene may play a conserved role in aspects of neuronal differentiation, which has been lost in D.
melanogaster. Interestingly, a comparison of target genes bound by Sox11 in differentiating mouse neurons and SoxN in the D. melanogaster embryo shows a conserved set of neural differentiation genes, suggesting that in D. melanogaster the role of SoxC in neuronogenesis has been taken over by SoxN [55] .
We identified two genes in each of the SoxD, E and F families, however, we found no in situ evidence for expression of SoxD-2, SoxE-2 or SoxF-1 during the P. tepidariorum embryonic stages we examined. For ptSoxD-2 we found no expression prior to stage 10, but we then observed expression in the ventral nerve cord from the head to the most posterior part of the opisthosoma ( Figure 8A ). The D. melanogaster SoxD gene is also expressed at later stages of embryonic CNS development [56] and has been shown to play roles in neurogenesis in the larval CNS [28] . While SoxD has been reported to be ubiquitously expressed in A. mellifera embryos, it is also expressed in the mushroom bodies of the adult brain [13] . Embryonic brain expression of SoxD orthologues in beetles, myriapods and velvet worms [45] , as well as a known role for SoxD genes in aspects of vertebrate neurogenesis [54, 57] again suggests conserved roles for SoxD during metazoan evolution.
ptSoxE-1 is expressed in the developing limbs from stage 9 in small dots in the chelicerae, pedipalps and L1 buds, broader expression in L2 and L3, and in two dots in the L4 limb pairs, corresponding to the differentiating peripheral nervous system (PNS) ( Figure 8B ). We did not observed any expression of ptSoxE-1 in opisthosomal segments 2 to 6 where the germline is believed to originate [58] .
In D. melanogaster the SoxE orthologue is associated with both endodermal and mesodermal differentiation, is expressed in the embryonic gut, malpighian tubules and gonad [59] , and has been shown to be required for testis differentiation during metamorphosis [29] . Both the A. mellifera
SoxE genes are also expressed in the testis [13] . Janssen and colleagues [45] , observed expression of SoxE genes in other invertebrates, associated with limb buds like in the spider, but they also detected posterior expression associated with gonadogenesis. These observations are particularly intriguing since the vertebrate Sox9 gene has a crucial function in testis development [60] . Therefore, while we did not observe SoxE expression associated with early gonadogenesis it remains possible that the spider genes are used later in this process.
We note that while the fly SoxE gene is expressed from the earliest stages of gonadogenesis, null mutant phenotypes are not apparent until the onset of metamorphosis [29] . Finally, the expression of ptSoxF-2 is only detected at stage 9, in single dots at the tips of the L1 segment limb buds ( Figure 8C ). In D. melanogaster the SoxF gene is expressed in the embryonic PNS [56] and plays a role in the differentiation of sensory organ precursors [31] , whereas in A. mellifera the SoxF orthologue is expressed ubiquitously throughout the embryo [13] . In T. castaneum, E. kanangrensis and G.
marginata [45] SoxF expression is also associated with the embryonic limbs, again suggesting that this was an ancestral function of this Sox family in the Euarthropoda.
Taken together, our study expands our understanding of a highly conserved family of transcriptional regulators that appear to have played prominent roles in metazoan evolution.
Our analysis indicates that the classification of Sox genes in the invertebrates appears to be robust and that genes in all arthropods [45] , supports the view that formation of the segmented arthropod body plan is driven by an ancient mechanism [32] , involving these Sox genes.
Conclusions
Our analysis provides insights into the fate of duplicate genes in organisms that have undergone WGD. We find that virtually all the duplicates have been retained in the spider genome but the expression analysis suggests that some have been possibly been subject to subfunctionalisation and/or neofunctionalisation. It is interesting to note that in teleost fish, which have also undergone WGD events, the pattern we observe for the Sox family in spiders is mirrored, with considerable gene retention and lineage-specific neofunctionalisation [64] . Indeed, future functional studies in P.
tepidariorum will help to reveal the precise roles played by Sox genes during spider embryogenesis and how this relates to other metazoans. 
Materials and Methods
Genome analysis
Synteny analysis of Sox genes in P. tepidariorum
The synteny of Sox genes was analysed to determine whether Sox genes were duplicated in the proposed WGD [41] .
AUGUSTUS gene models in P. tepidariorum are already mapped against the DoveTail/HiRise genome assembly [41] and using these data the locations of Sox genes along with five upstream and five downstream flanking genes were compared.
Gene models were removed if they were partial, chimeric or artefacts of the AUGUSTUS annotation to the HiRise assembly. To infer putative homology of flanking genes, their protein sequences were compared with BLASTP to the NCBI non-redundant protein sequence database [69] .
Embryo collection and procedures
Embryos were collected from adult female spiders from our temperature controlled (25°C) laboratory culture at Oxford Brookes University. Embryos at stages 5 to 12 were fixed as described in [70] and staged according to [71] .
In situ hybridisation
RNA in situ hybridisation was carried out as in [70] , with slight modifications. Proteinase K treatment and post-fixations steps were omitted, the probes were heated to 80°C for 5 minutes and immediately put on ice before adding to the prehybridization buffer. 
Gene isolation and cloning
Gene-specific cDNA fragments were amplified with primers designed with Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and PCR products cloned in the pCR4-TOPO vector (Invitrogen, Life Technologies). The primers to generate probe fragments for RNA in situ hybridization were designed to regions outside the consensus HMG domain to produce DNA fragments between 500-800 bp. The probes were in vitro transcribed as described in [70] . Primers and fragments size are described in Supplementary Table 3 .
Supplementary Tables  Supplementary Table 1 Supplementary Table 3 . Genes, primers sequences and sizes for all the fragments used for in situ hybridisations.
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